Abstract-The aggregation of poly(®-hydroxy acid) microspheres during ethylene oxide (EO) gas sterilization makes it dif cult for the microspheres to be used in clinical applications. In this study, six kinds of PLLA -PEG -PLLA triblock copolymers (TriPLE) were synthesized with various composition ratios of PEG / PLLA in the range of 0.012 to 0.103. TriPLE microspheres were prepared by the oil-in-water emulsion method. TriPLE microspheres were characterized by using 1 H-NMR, gel permeation chromatography (GPC), and differential scanning calorimetry (DSC). After sterilization by EO gas at 55 ± C, the microspheres were analyzed by scanning electron microscope (SEM), laser diffractometry, standard sieves, X-ray diffraction (XRD), GPC, and DSC. When the composition ratio of PEG / PLLA was above 0.02, the initial crystallinity of TriPLE in microspheres was as high as 50%, and the microspheres were suitable to be sterilized by EO gas. On the other hand, TriPLE microspheres, which had composition ratios of PEG / PLLA below 0.02, had low initial crystallinities of about 30%, and aggregated during EO gas sterilization. For these microspheres, crystallinity increased up to 50% during the sterilization, whereas other TriPLE microspheres did not show any changes in crystallinity. Therefore, the aggregation of TriPLE microspheres during EO gas sterilization was markedly reduced as the initial crystallinity of TriPLE in the microspheres was increased.
INTRODUCTION
The block copolymers of poly(®-hydroxy acid) and polyethylene glycol (PEG) have been widely studied because they offer a unique combination of biodegradability and hydrophilicity [1, 2] . PEG block in the copolymer can improve its biocompatibility and hydration effect [3, 4] . PEG below a molecular weight of 5000 D is non-biodegradable; however, it is non-toxic for living organisms and is readily discharged through the kidney [5] . When PEG is introduced into hydrophobic polyesters like poly(L-lactide) (PLLA) or poly(lactide-co-glycolide)(PLGA), it improves their mechanical properties and the biodegradation rate of the biodegradable polymeric matrix in which PEG is placed [6 -9] . Hydrophilicity and degradation rates of copolymers, that consist of hydrophobic blocks and hydrophilic PEG blocks, can be controlled by changing their molecular structures and PEG contents [10] . Such unique properties of the copolymers have aroused studies in the application of PLLA-PEG-PLLA triblock copolymers (TriPLEs) to the drug delivery system [11] .
Biomaterials, either implant devices or injectable drug carriers, have to meet the pharmacopoeial requirements for sterility. There are several sterilization methods that destroy microorganisms in medical products such as dry heat, autoclave, EO gas exposure,°-irradiation etc [12, 13] . Autoclave and dry heat methods require high temperatures with and without the presence of water vapor, and therefore cause severe plastic deformation and/ or hydrolysis of biodegradable polymers. These methods have thus been considered as inappropriate for the sterilization of biodegradable polymers [14, 15] . In contrast,°-irradiation and EO gas sterilization employ relatively lower temperatures, and therefore, can be used for biodegradable polymers. In the case of°-irradiation sterilization, we can get 10 ¡6 safety level (SAL) by using an irradiation dose between 15 and 25 kGy, depending on the initial polymer molecular weight [16] . However, the aliphatic polyester chain can be broken by high-energy wave irradiation. Additional side effects of°-irradiation are the loss of drug activity in certain cases, such as captopril, change of polymer chain structure, and change in drug release pro le [17] [18] [19] . Changes of polymer structure and molecular weight can induce an unexpected drug release behavior. Furthermore,°-irradiation could induce a chemical reaction that would take place between the polymer chain and drug which was loaded in the polymeric matrix [17] .
In EO gas sterilization, the aggregation of poly(®-hydroxy acid) microspheres makes it dif cult for microspheres to be injected through a syringe. However, unlike the°-irradiation method, EO gas sterilization does not affect the molecular weight of poly(®-hydroxy acid) [14, 15] . Therefore, it would be advantageous to use EO gas sterilization if the aggregation problem is ameliorated. In this study, we investigated the effects of EO gas sterilization on TriPLE. Six kinds of TriPLE were synthesized with variations of PEG and PLLA lengths and the corresponding microspheres were prepared by the oil-in-water emulsion method. 
MATERIALS AND METHODS

Materials
Polymerization of TriPLE
TriPLEs were synthesized with L-lactide and PEG by solution polymerization as described by Stevles, with minor modi cations [20] . PEG (10 g) was dissolved in 100 ml of toluene, under a nitrogen atmosphere. In order to remove water bound to PEG, the solution was distilled at 110 ± C. The PEG solution was cooled to room temperature and L-lactide was added under nitrogen atmosphere. The amount of L-lactide was varied to control the molecular weight of TriPLE and the mixture was heated at 70 ± C to dissolve the L-lactide. When the L-lactide was completely dissolved, Sn-oct 2 (1 w /w% of L-lactide) was added and the mixture was reacted at 110 ± C for 24 h. After the solution was dried under vacuum for 24 h in order to remove toluene, the solid product was dissolved in chloroform. The obtained solution was precipitated in a mixture of acetone/ diethyl ether (1 / 4, v /v) to remove any residual monomers and catalysts. The precipitate was dried under vacuum for 24 h and dissolved in chloroform. The solution was precipitated again in a mixture of methanol/ hexane (4 / 1, v/v) to remove oligomers, catalysts, and unreacted PEG. The precipitated product was dried for 48 h under reduced pressure.
Characterizations of TriPLE
The number average molecular weights and chemical structures of synthesized TriPLE were determined by 1 H-NMR (300 MHz FT-NMR system, JEOL, Tokyo, Japan). Polydispersity (PDI) and molecular weights were measured by using a gel permeation chromatography (GPC) (Waters Co., Milford, MA, USA). GPC measurement was carried out with THF as the eluent (1.0 ml min ¡1 ) using three Waters-styragel columns (HR1, HR2 and HR4) at 35 ± C. The calibration was carried out by polystyrene standards. For the puri ed PEG, the GPC was operated with a 0.1 N sodium sulfate solution (0.5 ml min ¡1 , 40 ± C) through three ultrahydrogel columns. Thermal properties of TriPLE were analyzed by differential scanning calorimetry (DSC) (DSC 2010, TA instruments Inc., New Castle, DE, USA). The thermograms of TriPLEs were determined from the second heating at a 10 ± C min ¡1 scan rate over a temperature range of ¡50 to 200 ± C.
Preparation of TriPLE microspheres
TriPLE microspheres were prepared by a solvent evaporation method using the oilin-water emulsion technique. After 200 mg of TriPLE were dissolved in 5 ml of dichloromethane (DCM), the solution was immediately poured into 200 ml of water containing PVA (2 w /v%). The polymer solution was stirred at 1000 rpm using a mechanical stirrer (IKA Labtechnik, Japan) at room temperature for 10 min. The solution was heated at 40 ± C for 2 h in order to evaporate the residual DCM. The prepared microspheres were centrifuged at 8000 rpm for 15 min and washed three times with distilled water. The microspheres were then collected by ltering using a lter paper (4 ¹m). Collected microspheres were dried under reduced pressure for 48 h. In order to evaluate the annealing effect on microspheres, annealing of microspheres was carried out at 60 ± C for 4 h.
EO gas sterilization of TriPLE microspheres
TriPLE microspheres were sterilized with an EO gas sterilizer (Ster-Vac 5XL, 3M, St. Paul, MN, USA) which consists of four steps: preconditioning, humidi cation, EO gas exposure, and fresh air purging. Microspheres were exposed to EO gas for 100 min and then humidi ed four times by moisture injection for 25.5 min at 55 ± C. In the preconditioning and humidi cation stages, vacuum and humidity were allowed to reach 170 mb and 30%, respectively. In the gas exposure step, the initial and nal pressures in the sterilizer chamber were maintained at 700 and 620 mb, respectively. Residual EO gas in the sterilized microspheres was removed by purging fresh air for 8 h.
Characterizations of TriPLE microspheres
The surface morphology of TriPLE microspheres was analyzed by scanning electron microscopy (SEM) (JEOL JSM-5800, Tokyo, Japan). The size distribution of prepared microspheres was determined by laser diffractometry (Mastersize / E, Malvern, Germany) and sieving by using standard sieves (mesh size: 150, 250, 500, 710, 1000 ¹m). For diffractometry, each sample was dispersed in distilled water and particle size was measured at 300 mm focal length (detectable size range: 1.2-600 ¹m). The thermal property and crystallinity of microspheres were determined by DSC in the rst heating at a scan rate of 10 ± C min ¡1 from 0 to 200 ± C. DSC results were compared with the results of X-ray diffraction (XRD) (RU-H3R system, Rigaku Denki Ltd., Tokyo, Japan) using a graphite-monochromated Cu K ® system.
RESULTS
Six different kinds of TriPLEs were obtained as white brous products by solution polymerization. These TriPLEs had a composition ratio of PEG/PLLA in the range of 0.012 to 0.103, as shown in Table 1 . The chemical structures of TriPLEs were con rmed by 1 H-NMR. In 1 H-NMR spectrum, signals of methyl and methine in the PLLA block and signal of methylene in the PEG block were detected at 1.5 (doublet), 5.1 (quartet), and 3.6 ppm (singlet), respectively. The methine group of the PLLA block end chain chemically bound to the PEG block, showed peaks at 4:3 » 4:4 ppm. M n and L-lactide conversion were calculated by comparing the integration values of the methine signal of PLLA blocks and methylene signal of PEG blocks in the 1 H-NMR spectrum, since the number average molecular weight of the PEG block is already known. All kinds of TriPLEs showed high L-lactide conversion rates of over 92%, and the molecular weight of TriPLE was controlled in the range of 20-50 kD. GPC analysis showed a monomodal shape and narrow PDI below 1.48 for all TriPLEs. In the DSC thermal analysis, all TriPLEs showed melting endotherm in the rst heating, indicating a developed PLLA crystalline domain. In the second heating, only TriPLE-1 and TriPLE-2, which have relatively low PEG contents, showed heat emission peaks, indicating the recrystallization of PLLA blocks (Table 1) .
The surface morphologies of the six TriPLE microspheres were different, as shown in Fig. 1 . The microspheres prepared from TriPLE-1, TriPLE-2, and TriPLE-3 had smooth surfaces. When the composition ratio of PEG /PLLA was above 0.03, the microsphere surfaces became irregular. When the composition ratio was above 0.15, TriPLE microspheres were aggregated and had irregular morphologies. Compared to PLLA microspheres, TriPLE microspheres containing hydrophilic PEG chains showed an improved dispersity in the phosphate buffered aqueous solution (PBS). PLLA microspheres consisting of hydrophobic PLLA chains could be dispersed only in the presence of surfactants [22] . On the other hand, microspheres of TriPLE-3, TriPLE-4, TriPLE-5, and TriPLE-6 were well dispersed in PBS without adding any surfactants. TriPLE-1 and TriPLE-2 microspheres were also dispersed in PBS without adding any surfactants, although strong vortexing was needed.
When TriPLE microspheres were sterilized using EO gas, TriPLE-1 and TriPLE-2 microspheres, which had low composition ratios of PEG/PLLA, formed large aggregates during sterilization, as shown in Fig. 2 . Although these microspheres maintained smooth surfaces and spherical shapes, it was found that these micropsheres were connected with each other by fusion of their surfaces. On the other hand, other TriPLE microspheres, which had relatively high PEG/PLLA composition ratios of above 0.03, were not aggregated, and their surface morphologies did not change after EO gas sterilization. Figure 3 shows the interfaces between aggregated microspheres of TriPLE-1 and TriPLE-2, respectively. When microspheres are in contact, the polymer chains of one microsphere seem to diffuse into the microspheres in contact at the interface. Therefore, these microspheres strongly ag- Table 1 .
Characteristics of TriPLE triblock copolymers. All thermal properties were obtained from a second running at a heating rate of 10 gregated and could not be separated even by a vortex at a high speed; furthermore, they could not be injected through a 23-gauge syringe needle. Aggregation of microspheres was quantitatively analyzed by nding out the size distribution of microsphere aggregates. TriPLE-4 and TriPLE-5 microspheres, which did not show any aggregation in SEM pictures, were analyzed using a dif- fractometry analysis method in the size range of 0 -200 ¹m. As shown in Fig. 4 , the size of these microspheres was in the range of 10-150 ¹m with an average diameter of 50 ¹m. The size distribution of microspheres did not change with respect to the composition ratio of PEG/PLLA for TriPLE-4 and TriPLE-5. Furthermore, both kinds of microspheres showed the same size distribution before and after EO gas sterilization. Therefore, it could be con rmed that these TriPLE microspheres are not aggregated during EO gas sterilization. On the other hand, microspheres of TriPLE-1, TriPLE-2, and TriPLE-3 were analyzed using the standard sieves method ( Fig. 5) . TriPLE-1 microspheres had 82% of the microspheres forming large aggregates with diameters ranging from 150 to 2000 ¹m, and 55% of these aggregated microspheres formed large aggregates with a diameter of more than 710 ¹m. For TriPLE-2 microspheres, 83% of the microspheres had a diameter of over 150 ¹m after sterilization, and 40% of the aggregated microspheres formed large aggregates with a diameter of more than 710 ¹m. For TriPLE-3 microspheres, only 5% of the microspheres formed aggregates with diameters ranging from 150 to 250 ¹m, and aggregates of the microspheres were hardly seen in SEM pictures. Aggregation of microspheres, therefore, decreased as the composition ratio of PEG /PLLA was increased.
In the present study, the molecular structure and molecular weight of TriPLE were not changed during the EO gas sterilization, as reported elsewhere [14] (data not shown here). Notably, it was found that the crystallinity of the TriPLE microspheres changed and that the aggregation of microspheres during EO gas sterilization was related to the copolymer crystallinity (Fig. 6) . TriPLE-4 and TriPLE-5 microspheres, which did not aggregate during EO gas sterilization, showed similar thermal pro les in DSC before and after the sterilization with melting endotherms indicating a developed PLLA crystalline domain. On the other hand, TriPLE-1 and TriPLE-2 microspheres, which were aggregated during EO gas sterilization, showed a change in the thermogram in DSC after sterilization. These TriPLEs showed melting endotherms and heat emission peaks which indicate, respectively, developed PLLA crystalline domains and the recrystallization of PLLA blocks before sterilization. However, heat emission peaks completely disappeared after EO gas sterilization. This change in the DSC thermogram means that there is a change in the crystallinity of TriPLE during EO gas sterilization.
It was reported that the ability of PEG blocks (M n 2000) of TriPLE to form crystalline domains was very much decreased when they were covalently bound to rather long PLLA blocks at both ends [8] . When the composition ratio of PEG /PLLA was low, the PEG block would not make its own crystalline domain. Such PEG behavior in TriPLE was additionally con rmed by the XRD analysis for TriPLE-1 microspheres (Fig. 7) . The XRD results showed crystalline peaks at 17, 19, and 22 deg, which are ascribed to the PLLA crystal. The intensities of these Figure 7 . Crystallinity of TriPLE-1 in microspheres by XRD analysis: (E) before EO gas sterilization; and (F) after EO gas sterilization.
peaks were increased after the EO gas sterilization. However, peaks of crystalline PEG at 9.7 and 11.8 deg [21] were not found before and after the EO sterilization. These indicate that TriPLE microspheres had only PLLA crystalline domains and no PEG crystalline domains, and these PLLA crystalline domains were increased by sterilization.
The degree of crystallinity, X c , of the PLLA block in TriPLE microspheres was calculated as:
where 1H m is the measured enthalpy of melting, 1H c is the measured enthalpy of recrystallization, and 1H 0 m is the enthalpy of melting for 100% crystalline polymer (for PLLA, 1H 0 m D 100 J g ¡1 [23] ). The calculated crystallinities of several kinds of TriPLEs in microspheres were shown in Table 2 . The crystallinity of TriPLE in microspheres before EO gas sterilization had different values according to the composition ratio of PEG /PLLA. TriPLE-1 and TriPLE-2 in microspheres showed less than 30% of crystallinity. On the other hand, TriPLE-3, TriPLE-4, TriPLE-5, and TriPLE-6 in microspheres showed more than 50% crystallinity. However, all kinds of TriPLE in microspheres showed more than 50% crystallinity after EO gas sterilization.
In order to analyze the effect of crystallinity on the morphological change of microspheres during EO gas sterilization, TriPLE-1 microspheres were put through an annealing process at 60 ± C. The TriPLE-1 in microspheres recrystallized during the annealing process, thereby regaining crystallinity of as much as 50%. Therefore, the annealing process had a similar effect on the TriPLE microspheres to that of Figure 8 . Size distribution of annealed TriPLE-1 microspheres: (E) before EO gas sterilization; and (F) after EO gas sterilization.
EO gas sterilization. After EO gas sterilization, the annealed microspheres were not aggregated, and the SEM results did not reveal any changes in the surface morphology. In the laser diffractometry results (Fig. 8) , the size distribution of annealed TriPLE-1 microspheres was the same before and after the EO gas sterilization.
DISCUSSION
It was found in this study that TriPLE microspheres can be sterilized by EO gas when the composition ratio of PEG/PLLA was above 0.02. This is important since PLLA microspheres could not be sterilized by EO gas because of their severe aggregation as observed in our previous study [22] . EO gas sterilization did not change any other properties of TriPLE in microspheres except crystallinity. Furthermore, both the change in crystallinity of TriPLE and the microsphere aggregation during EO gas sterilization were found to be related to the initial crystallinity of TriPLE in the microspheres. When the composition ratio of PEG/PLLA was above 0.02, TriPLE in the microspheres showed an initial crystallinity of over 50%, and the microspheres were not aggregated. On the other hand, TriPLE-1 and TriPLE-2 microspheres, which had composition ratios of PEG /PLLA below 0.02, showed low initial crystallinity of about 30% and the microspheres showed aggregation during EO gas sterilization. When the composition ratio of PEG /PLLA was below 0.02, as in the cases of TriPLE-1 and TriPLE-2, the TriPLE polymers showed a recrystallization peak in the DSC thermogram, indicating that the PLLA chains in the amorphous region of these polymers could have suf cient mobility by heating. This recrystallization behavior of TriPLE in the DSC thermogram was the behavior observed during the EO gas sterilization. The crystallinity of TriPLE-1 and TriPLE-2 microspheres were changed by sterilization, whereas other TriPLE microspheres did not show any changes in crystallinity.
The large changes in the crystallinity of TriPLE-1 and TriPLE-2 microspheres indicate that the polymer chain mobility was increased in the amorphous parts of microspheres during the sterilization. The fusion between the microsphere surfaces might have been stimulated by high mobility. Since sterilization was carried out at 55 ± C, which is lower than the T m of PLLA microspheres (180 ± C), fusion of microspheres could only be due to the amorphous region. During the EO gas sterilization, EO gas and freon gas were mixed in the ratio of 12/ 88 at 30% humidity. Hydration of microspheres and gas absorption could have enhanced the chain mobility acting as a plasticizer. In this regard, Park et al. also reported that water acts as a plasticizer in microspheres [16] .
When TriPLE microspheres have relatively high crystallinity, chain mobility in the amorphous phase is hindered by its crystal domain and the TriPLE microspheres can be sterilized by EO gas. This information was con rmed by the annealing results for TriPLE-1 microspheres. Annealed TriPLE-1 microspheres had an increased initial crystallinity as much as 50%. These microspheres showed a similar DSC thermogram to the sterilized TriPLE-6 microspheres and intact morphologies after EO gas sterilization without any aggregation or change of size distribution. Therefore, it was con rmed that the aggregation of TriPLE microspheres was as markedly reduced as the initial crystallinity of TriPLE in microspheres was increased.
It was reported that the crystallinity of PLLA homopolymer was increased by increasing the blending ratio of PEG chains during the lm preparation [25] . It can be explained, therefore, that PEG chains in TriPLE polymers stimulated the crystallization of TriPLE during microsphere preparation, and the initial crystallinity of TriPLE in microspheres was increased by increasing the composition ratios of PEG/PLLA blocks of TriPLE microspheres.
It is clear that suf ciently high initial crystallinity of TriPLE microspheres is needed to maintain the stability of microspheres during the EO sterilization. If microspheres prepared from a semi-crystalline polymer do not have enough crystallinity to be stable during the EO gas sterilization, the annealing process could be recommended to improve crystallinity.
TriPLE microspheres showed good dispersity in PBS, which is another benecial property to have when used as a drug carrier. As the composition ratio of PEG /PLLA was increased, the hydrophilicity of the microsphere surfaces increased, thereby increasing the dispersity of the microspheres in the aqueous solution. Therefore, TriPLE microspheres could be well dispersed without any surfactants. Since microspheres are usually designed to deliver drugs by syringe injection, the ability of microspheres to easily disperse would mean better handling in practical use. However, preparing TriPLE microspheres is not without limitations as when the composition ratio of PEG /PLLA was above 0.5, the regular shaped microspheres could not be obtained. This may be due to low miscibility between PLLA blocks and PEG blocks.
CONCLUSIONS
Copolymers of PLLA and PEG have been widely used to improve mechanical properties and biodegradation rates. This study further showed the important properties of PLE triblock copolymers, such as their suitability to EO gas sterilization and good dispersity in aqueous solutions. When the composition ratio of PEG /PLLA was above 0.02, the initial crystallinity of TriPLE in microspheres became as high as 50%, and the microspheres were not aggregated. A favorable outcome of the EO gas sterilization of TriPLE microspheres was derived from enough crystallinity, and high crystallinity was induced by PEG central blocks accelerating the crystallization of PLLA during microsphere preparation. Also, as the composition ratio of PEG /PLLA increased, the hydrophilicity of the microsphere surfaces increased, thereby dispersing microspheres evenly in the aqueous solution without any surfactants.
